Abstract. Increasing demands on safety and energy efficiency will require higher levels of automation in transportation systems. This involves dealing with safety-critical distributed coordination. In this paper we demonstrate how a Satisfiability Modulo Theories (SMT) solver can be used to prove correctness of a vehicular coordination problem. We formalise a recent distributed coordination protocol and validate our approach using an intersection collision avoidance (ICA) case study. The system model captures continuous time and space, and an unbounded number of vehicles and messages. The safety of the case study is automatically verified using the Z3 theorem prover.
Introduction
As the number of cars in the world crosses the 1 billion mark and the future travel needs of the world population keep increasing, we are paying an increasingly heavy price. Every year nearly 1.2 million people get killed in traffic [25] , and as many die from urban pollution. Moreover, transportation stands for 23% of the total emissions of carbon dioxide in the European Union [11] .
Better software allows us to make cars smarter, safer, and more efficient, thereby ameliorating some of the adverse effects of car-based transport. Modern cars are equipped with a wide range of sensors and driver assistance systems and there are already a number of self-driving cars that are being tested by the major automotive companies as well as Google. The fact that the state of Nevada passed legislation allowing driver-less vehicles to operate on public roads can be seen as a sign of the momentum in the industry at the moment. Previously unsolved problems such as accurate positioning and reliable object detection now have credible solutions. The next big challenge is to enable efficient coordination among smart vehicles to further increase the safety and efficiency of the traffic.
Collisions in intersections constitute 45% of all traffic personal car injury accidents [27] , so there is a clear need for collision avoidance systems. Having a centralised authority for each intersection that directs the traffic can be a good alternative to having traffic lights. However, the large majority intersections do not even have traffic lights today. It would not be cost effective to put a central manager to all these unmanaged crossings, a fully distributed solution will be needed. On the other hand, distributed coordination is a non-trivial problem. A dynamic environment where cars move at high speed and where communication is unreliable and subject to interference creates many challenges. Yet any solution to such a distributed coordination problem must be able to guarantee safety.
In this paper we propose to utilise the strengths of automated reasoning tools to tackle the problem of safe distributed coordination. We show how a coordination problem can be formalised in a constraint specification language called and verified with the Z3 theorem prover [9] . The novelty of our approach lies in employing a fully automated theorem prover to a distributed coordination problem involving explicit message passing, continuous time and space as well as an unbounded number of cars. Our focus is not on new verification methods for hybrid systems, but rather on the application of formal methods to a coordination approach and how to verify safety of a collaborative vehicular application. Our longer term objective is to incorporate the basic building blocks introduced in this paper in a general tool for modelling and verifying vehicular applications. To evaluate the feasibility of our approach we model an intersection collision avoidance scenario, which is an instance of a distributed coordination problem. In summary, there are three main contributions of this paper.
-A formalisation of a distributed coordination protocol. -A constraint-based modelling approach for collaborative vehicular applications. -A simple but realistic case study demonstrating the usefulness of our approach.
The rest of this paper is organised as follows. Section 2 provides a formal description of the coordination problem and the CwoRIS protocol. The intersection collision avoidance case study is presented in Section 3 followed by Section 4, outlining the verification and proof strategies. Section 5 contains related work and finally, Section 6 concludes the paper.
Distributed Coordination as Constraint Verification
We now proceed to formalise the distributed coordination problem. We begin by giving an overview of our approach, then go on to describe how we model the communication channel before describing our formalisation of the CwoRIS coordination protocol.
Overview
Consider the problem of designing a software subsystem for a car (we use the more general notion of entity, or sometimes vehicle) that can affect the steering and speed of the entity and that takes its decision based on communication with surrounding vehicles. Examples of such systems are collaborative adaptive cruise
